The dissolution process of cellulose aerogels is an important part of their production. However, if the cellulose is severely degraded during the dissolution process, the quality may be low. To evaluate the degradation of cellulose during the dissolution process using calcium thiocyanate, the hydrolysis and oxidation of cellulose were evaluated by the change in absolute molecular weight and by the changes in the content of carboxyl and carbonyl groups introduced into the cellulose hydroxyl group, respectively. A noteworthy hydrolysis phenomenon was found in the cellulose dissolution process. The rate of hydrolysis increased as the number of hydrates in calcium thiocyanate decreased and as the reaction temperature increased. In the case of the reaction with calcium thiocyanate containing six hydrates, the time to reach a 50% loss of the degree of polymerization of cellulose reduced from 196 to 47 min as the reaction temperature was increased from 100 to 120 • C; however, the effect on oxidation was not significant. The Brunauer-Emmett-Teller (BET) surface area reduced as the degree of cellulose polymerization decreased. Therefore, it is necessary to consider how the cellulose degradation occurring during the cellulosic dissolution process can affect the quality of the final cellulose aerogels.
Introduction
Fossil fuel-based materials replaced many traditional materials during the last century [1] . Owing to global warming, recent environmental demands resulted in renewed interest in the use of renewable natural resources as direct sources of biopolymers [2] . Among the various natural polymers, this study focused on cellulose, which is widely used as pulp for making paper, film, and bio-plastic materials. Cellulose is an abundant natural polymer that is polymerized with β-1,4-glycosidic bonds of d-glucose. The degree of polymerization (DP), from under 1000 for chemically pulped fibers to over 10,000 for natural fibers, depends on the type of cellulose resource and the pulping process [3] . Because of these advantages, various studies on topics, such as environmentally friendly cellulose [2] and nanocellulose [4] in the form of various derivatives for nanofiber [5] , biomedical [6] [7] [8] , functional film [9] , sensor [10, 11] and purification [12] [13] [14] applications, were conducted to utilize cellulose from a wide range of different sources [15] .
The production of cellulose aerogel is a valuable research area for the effective utilization of natural cellulose [16] [17] [18] [19] . Cellulose aerogels are ultra-lightweight, porous solid materials with high specific surface area, and their ranges of density, porosity, and specific surface area are 0.0005-0. 35 The crystallization and morphological changes of the cellulose in the dissolution process, in which cellulose is dissociated by a coordination bond between the cation in the inorganic salt and the hydroxyl group in the cellulose, occur according to the composition of the inorganic salt. Cellulose dissolution using calcium thiocyanate, which is one of these inorganic salts, can break the hydrogen bonds between cellulose molecules through a coordination bond between the cationic (Ca 2+ ) and hydroxyl groups in the cellulose molecules [39] . The cellulose aerogel prepared from a Ca(SCN) 2 ·nH 2 O solution improved mechanical and dimensional stability due to its three-dimensional (3D) branched structure [40] , and, as a result, cellulose aerogels prepared using this calcium thiocyanate method have excellent porosity. These dissolution characteristics of calcium thiocyanate are widely applied to the cellulose dissolving process for the manufacture of cellulose aerogels, which have potential applications as insulation materials, gas storage materials in fuel cells, filters for ultrafine particles, drug delivery systems, tissue scaffolds, and high-functional textiles [20, 41] .
The quality of cellulose aerogels can be affected by not only the cellulose solvent used for the dissolution process but also the kind of cellulose raw material source. From our previous study, another key aspect in the preparation of cellulose aerogels is that the DP of cellulose affects the aerogel's pore structure and density [42, 43] . Unfortunately, except for lithium chloride/N,N-dimethyl acetamide, all four types of solvents (i.e., ionic liquid, NMMO, alkali-urea, and inorganic molten salts) involve cellulose degradation during the dissolving process [40, 44] . Unlike alkali-urea solution and NMMO, calcium thiocyanate can dissolve cellulose with a relatively high DP, which is more affected by its DP changes due to hydrolysis. In spite of various research studies on cellulose aerogel and its dissolving process, cellulose degradation during the dissolving process using calcium thiocyanate was not fully evaluated. Therefore, if cellulose degradation during the dissolving process could be minimized, the quality of cellulose aerogel's pore structure and mechanical properties could be improved. In this study, we attempted to evaluate the influence of hydrolysis and oxidation in cellulose during the calcium thiocyanate dissolution process.
Materials and Methods

Materials
Whatman No. 1 paper sheets (GE Healthcare, Amersham, UK) comprising cotton linter (alpha cellulose content >98%) and α-cellulose powder (Sigma Aldrich, St. Louis, MO, USA) were used to prepare the cellulose aerogel. Calcium thiocyanate tetrahydrate (95%, Sigma Aldrich) and other chemicals used were of the highest grade commercially available. Solvents were of HPLC grade. Carbazole-9-carbonyloxy amine (CCOA) and 9H-fluoren-2-yl-diazomethane (FDAM) were not commercially available compounds and were synthesized in the laboratory according to procedures described in the literature [35, 36] .
Dissolution of Cellulose and Preparation of Cellulose Aerogel
Cellulose samples were mixed in calcium thiocyanate containing 6-10 hydrates. Then, the mixtures were dissolved at 100 and 120 • C for 30 and 60 min, respectively. The final concentration of the solution was controlled to 1.0% (w/w). The cellulose dope was poured into a cylindrical polypropylene tube for molding at approximately 80 • C. After cooling, the cellulose was regenerated by the solvent exchange process using ethanol. The cellulose wet gel was rinsed with fresh ethanol twice a day for three days.
Supercritical carbon dioxide drying was performed in a dryer equipped with a 300-mL autoclave (SF-1, Separex, Champigneulles, France). Drying was maintained at a constant supercritical carbon dioxide flow rate of 40 g/min for 3 h under 10 MPa and 40 • C. After the extraction was completed, the pressure in the autoclave was slowly reduced to 0.1 MPa/min to maintain an isotherm.
Fluorescence Labeling of Functional Groups and Dissolution of Cellulose Aerogels
The CCOA labeling for carbonyl group profiling was performed according to methods described in previous studies [45, 46] . Cellulose aerogel samples (25 mg) were agitated in a mixer for 20 s. The water was then removed by vacuum filtration. The samples were agitated in 4 mL of 20 mM zinc acetate buffer (pH 4.0) containing 5.0 mg of CCOA at 40 • C for a week.
The FDAM labeling for carbonyl group profiling was performed according to the method described by Bohrn et al. [47] . Cellulose aerogel samples (25 mg) were suspended in 0.1 M HCl and agitated in a mixer for 20 s. Then, the samples were washed with ethanol and DMAc successively and filtered. The DMAc was then removed by vacuum filtration. The samples were suspended in a mixture of 1 mL of FDAM solution with 3 mL of DMAc at 40 • C for a week. The final concentration of the solution was approximately 0.125 mol/L in DMAc.
After the reaction, the CCOA-and FDAM-labeled samples were washed and filtered. Then, the samples were activated with DMAc for a day after solvent exchange. The DMAc in the activated samples was then removed by vacuum filtration. The samples were dissolved in 2 mL of DMAc/LiCl (9%, w/v) at 23 • C for 1-2 days. The solution was diluted 1:3 with DMAc, filtered through a 0.45-µm filter, and injected into the size exclusion chromatography-multi-angle light scattering system (SEC-MALS (Wyatt Dawn DSP, Santa Barbara, CA, USA).
SEC-MALS Analysis
The hydrolysis and oxidation characterizations of cellulose aerogels were performed by measuring the molecular weight distribution and carbonyl and carboxyl content using the SEC-MALS system. This system was connected to fluorescence (TSP FL2000, CCOA: 290 nm excitation, 340 nm emission; FDAM: 252 nm excitation, 323 nm emission), MALS (Wyatt Dawn DSP), and refractive index (RI) detectors (Shodex RI-71, New York, NY, USA). The RI increment was 0.136 mL/g for cellulose in DMAc/LiCl (0.9%, w/v) at 25 • C and 488 nm. The separation was conducted on a set of three SEC columns (PL gel-mixed AALS, 20 µm, 7.5 × 300 mm). The mobile phase was DMAc with LiCl 0.9% (w/v). The molecular weight distribution and related polymer-relevant parameters were calculated using ASTRA and GRAMS.
During hydrolysis, cellulose can generate novel reducing end-groups (REGs) without the additional introduction of carbonyls by oxidation. The pure carbonyl content excluding REGs was calculated from the total carbonyl content (keto and aldehyde functionalities) and REG (Equation (1)). REGs were obtained from the number average molar mass (g/mol) according to Equation (2) .
The hydrolysis kinetics of cellulose aerogel was evaluated using the Ekenstam equation (Equation (3)) [48] .
where k t is the rate of cellulose chain scission at time t, DP t is DP at time t, and DP 0 is DP at the initial time t = 0. The time (t H ) to reach a 50% loss of DP (DP H , half-life DP) was evaluated using the rate of cellulose chain scission k value derived from Equation (3) as follows:
where t H is the time to reach a 50% loss of DP, and DP H is half the initial DP (DP H = DP 0 /2).
Brunauer-Emmett-Teller (BET) Surface Area Analysis
The pore characterization of cellulose aerogels was performed by measuring the BET surface area, pore size, and isothermal adsorption curve using a BET Surface Area and Pore Size Analyzer (BELSORP-mini II, MicrotracBEL, Osaka, Japan). BET analysis of cellulose aerogels was performed after absorbing N 2 gas at 77 K, and the pressure inside the sample cell was varied from 0 to 1 bar. The N 2 gas adsorption amount, pore volume, and size were measured according to relative pressure.
Results and Discussion
Solubility Characteristics of Cellulose
In this study, the dissolution of cellulose fiber, cotton linter (Whatman No. 1), with a DP of approximately 2500 using calcium thiocyanate resulted in a difference in the number of water molecules in calcium thiocyanate (Figure 1 ). In the case of calcium thiocyanate solutions containing six and seven hydrates, the cotton linter fibers were completely dissolved until the liquid was transparent, whereas it can be observed that the solutions containing between eight and 10 hydrates were in a state of suspension in which incompletely dissolved fibers were dispersed. Although the calcium thiocyanate solutions containing over eight hydrates also improved in transparency with reaction time, the suspension could not reach complete dissolution. Hoepfener [18] reported that dissolution using calcium thiocyanate is excellent for porosity material production; in particular, calcium thiocyanate of six to 10 hydrates was reported to be suitable for dissolution. Hattori also reported that calcium thiocyanate containing fewer than 10 hydrates can dissolve cellulose under high temperatures [49] . However, in this study, only calcium thiocyanate containing six and seven hydrates dissolved cellulose effectively. Calcium thiocyanate is generally known to solubilize in cotton fibers, bacterial cellulose, and regenerated fibers, regardless of their crystallinity. Therefore, the difference in solubility is likely more affected by the DP than the degree of crystallization upon the dissolution of cellulose. It is necessary to consider that the dissolution characteristics of calcium thiocyanate may also vary depending on the DP of cellulosic raw materials.
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Evaluation of Cellulose Hydrolysis during Dissolving Process
To evaluate the cellulose degradation according to the dissolving conditions in calcium thiocyanate, such as reaction temperature, reaction time, and number of hydrates, absolute molecular weights were measured to compare the DPs. Figure 3 shows the changes in cellulose DP according to the reaction time and temperature with calcium thiocyanate. Although the DP continuously decreased with increasing reaction time, most of the decrease in DP occurred within 30 min of the reaction, and, when the DP reached about 2000, there was no further significant decrease.
In the case of the effect according to the reaction temperature, the DP of cellulose dissolved at 100 °C for 1 h was reduced by about 25%, but that of cellulose dissolved at 120 °C decreased by about 45%, which is about twice as fast as that in the case at 100 °C. In the case of calcium thiocyanate with six and seven hydrates in which cellulose was well dissolved, there was a significant decrease in DP, whereas, in the case of calcium thiocyanate with eight hydrates, which did not completely dissolve cellulose, the reduction in DP was smaller than in that with six and seven hydrates. The decrease in cellulose DP during the dissolving process is considered the result of the reaction of calcium thiocyanate with cellulose in the dissolution process rather than the cellulose autohydrolysis at high reaction temperature. The result of a faster decrease in DP as the hydrate content in calcium thiocyanate decreased is supported by this hypothesis. Cellulose dissolution using inorganic salts proceeds in the following order: (1) dissolution of inorganic salts, (2) swelling of cellulose, and (3) dissociation of cellulose bundles [49] . As the concentration of the inorganic salt increases, the number of inorganic cations bound to the hydroxyl group of cellulose increases, thereby increasing the 
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Evaluation of Cellulose Oxidation during Dissolving Process
To evaluate the oxidation of cellulose by calcium thiocyanate, the content of carboxyl and carbonyl groups in cellulose molecules was measured. As shown in Figures 5 and 6 , the content of carbonyl and carboxyl groups after the reaction was not significantly different from that before the reaction; only a micromolar increase in the carbonyl group was observed in the cellulose reacted at 120 °C. There was no significant increase in the oxidation of cellulose during the dissolving process. As a result, it is considered that the oxidation reaction is not the main factor affecting the cellulose degradation during the dissolution process using calcium thiocyanate, whereas hydrolysis is considered a major factor in the degradation of cellulose during the dissolving process. 
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BET Surface Area Analysis
Our previous studies reported that the density, microstructure, and mechanical strength properties of cellulose aerogels were improved by increasing the DP of cellulose molecules [42, 43, 50] . The BET specific surface areas of cellulose aerogels were measured with nitrogen gas adsorption analysis, as shown in Figures 7 and 8 , and it was confirmed that the BET specific surface area was influenced by the DP of cellulose. The observed BET specific surface areas were between 290 and 410 m 2 /g, which is in the typical range of cellulose aerogels [21, 51] . The isotherms were classified as IUPAC (International Union of Pure and Applied Chemistry) type IV with a hysteresis loop in the range of 0.1-1.0 P/P0, which indicated the presence of meso-and macroporous structures [52, 53] . The pore size distribution was found to increase the distribution of macropores as the DP of cellulose decreased. These results explain why the BET specific surface area values decreased with decreasing DP of cellulose. Therefore, it is important to minimize the reduction in the DP of cellulose during the dissolution process of cellulose. 
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Conclusions
In this study, the cellulose degradation during the dissolution process using calcium thiocyanate was evaluated. As the number of hydrates decreased, the solubility of cellulose was improved, whereas hydrolysis also increased. The increase in the reaction temperature with calcium thiocyanate improved the solubility of cellulose but also increased cellulose hydrolysis. Therefore, to improve the solubility of cellulose using calcium thiocyanate hydrate, it is necessary to decrease the number of hydrates or to increase the reaction temperature. The problem, however, is that both cases increase the hydrolysis of the cellulose. To minimize the loss of cellulose DP during the dissolution process, it was considered more advantageous to decrease the number of hydrates in calcium thiocyanate than to increase the reaction temperature of the dissolution process. From the measurement of the carboxyl and carbonyl groups to evaluate the oxidation effects during the dissolution process, the influence of cellulose oxidation by calcium thiocyanate was relatively small compared to that of hydrolysis. Therefore, the calcium thiocyanate-induced hydrolysis of cellulose, which can reduce the mechanical properties of cellulose aerogels owing to a decrease in cellulose DP during the dissolution process, was considered a side effect.
To improve the properties of cellulosic aerogels, various studies were conducted on cellulose solvents, solvents for minimizing shrinkage during the wet gel formation process, and the drying method for minimizing the shrinkage of cellulose aerogels during the final drying process. However, in addition to these factors, it should be noted that the cellulose degradation occurring during the cellulosic dissolution process can affect the quality of the final cellulose aerogels.
This study only noted that the BET value of cellulose aerogels could decrease during the dissolution process due to hydrolysis. We expect that the mechanical and dimensional stability of cellulose aerogels can be improved if the DP loss is minimized. This study provides insight for the further development of cellulose aerogels for high-performance applications. 
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